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a  b  s  t r  a  c  t
Nanocrystalline  non-stoichiometric  cadmium  ferrite  (CdFe2O4) has  been  synthesized  by high-energy  ball
milling  the  mixture  (1:1  mol%)  of CdO  and  -Fe2O3 at room  temperature.  Formation  of nanocrystalline
CdFe2O4as  normal  spinel  structure  has  been  noticed  after  ball milling  the  mixture  for  5  h.  The structural
and  microstructural  evolution  of  CdFe2O4 caused  by  milling  is  investigated  by  X-ray  powder  diffraction.
The  relative  phase  abundances,  particle  sizes,  r.m.s. strains,  lattice  parameter  changes  of different  phaseseywords:
-ray diffraction
ano-ferrites
all-milling
ositron annihilation
have been  estimated  employing  Rietveld  powder  structure  reﬁnement  analysis  of  XRD  data.  It appears  that
solid  state  diffusion  of  nanocrystalline  CdO into  -Fe2O3 particles  results  in  formation  of  nanocrystalline
CdFe2O4 spinel.  XRD  data analysis  indicates  that  the  ferrite prepared  by ball  milling  is  a non-stoichiometric
Cd-riched  phase.  Positron  annihilation  lifetime  measurements  on  the milled  samples  indicate  rise of defect
density  up  to  5 h  milling  time  and  supports  the  formation  of non-stoichiometric  CdFe2O4 phase.
©  2013  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
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t. Introduction
The synthesis of nanocrystalline spinel ferrite has been investi-
ated intensively in recent years due to their potential applications
n high-density magnetic recording, microwave devices and mag-
etic ﬂuids [1,2]. High-energy milling is a very suitable solid-state
rocessing technique for preparation of nanocrystalline ferrite
owders exhibiting new and unusual properties [3–6]. Reports
n synthesis of nanocrystalline cadmium ferrite by high-energy
all milling of CdO and -Fe2O3 mixture are very few [7,8]. The
hase transformation kinetics and microstructure characterization
f ball-milled ferrites have been studied in detail in our previ-
us work. Crystalline CdFe2O4 (cubic, a = 0.86996 nm,  space group:∗ Corresponding author. Tel.: +91 342 2657800; fax: +91 342 2530452.
E-mail addresses: skp bu@yahoo.com, skpbu2012@gmail.com (S.K. Pradhan).
eer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
187-0764 © 2013 The Ceramic Society of Japan and the Korean Ceramic Society.
roduction and hosting by Elsevier B.V. All rights reserved.
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(Elsevier  B.V.  All  rights  reserved.
d3¯m, Z = 8; ICDD PDF #22-1063) is normal spinel at room tem-
erature. Spinel structure consists of a cubic close-packed array
f oxygen atoms with tetrahedral (A) and octahedral (B) cavities.
n the normal 2–3 spinels, one eighth of the A sites and one half
f the B sites are ﬁlled by the divalent cations (Mg2+, Zn2+, Mn2+,
d2+, etc.) and the trivalent cations (Al3+, Fe3+, Cr3+, etc.) respec-
ively in the ratio AB2O4. When the temperature increases above
 critical limit, disorder takes place, since A and B cations undergo
ncreasing intersite exchange over the three cation sites per for-
ula unit (one A and two  B sites). Lattice imperfections and phase
ransformations kinetics of ball-milled nanocrystalline materials
an be resolved by X-ray characterization technique based on
tructure and microstructure reﬁnement [9–13]. The powder pat-
erns of almost all the ball-milled materials, milled at different
illing time are composed of a large number of overlapping reﬂec-
ions of -Fe2O3, CdO and CdFe2O4 phases. Rietveld’s analysis
ased on structure and microstructure reﬁnement [11,14] has been
dopted in the present analysis for precise determination of several
icrostructural parameters as well as relative phase abundance of
ndividual phases.
The purpose of the present work is: (i) to prepare nanocrys-
alline CdFe2O4 from the stoichiometric mixture (1:1 mol%) of
owdered reactants containing -Fe2O3 and CdO by high energy
all-milling at room temperature, (ii) to determine the rel-
tive phase abundances of spinel ferrite and other phases,
iii) to characterize the prepared materials in terms of several
n Ceramic Societies 1 (2013) 356–361 357
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Fig. 1. X-ray powder diffraction patterns of unmilled and ball milled CdO − -Fe2O3
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tructural/microstructural defect parameters (changes in lat-
ice parameters, particle sizes, r.m.s. lattice strains) employing
ietveld’s powder structure reﬁnement method [9,10,12–14] and
iv) to study the defects and microstructural evolution of different
hases with milling time by positron annihilation lifetime spec-
roscopy [15,16].
. Experimental
Accurately weighed starting powders of CdO (55.43 wt%) (M/s
erck, 99% purity) and -Fe2O3 (44.57 wt%) (M/s Glaxo, 99% purity)
ere hand-ground by an agate mortar-pestle in a double-distilled
cetone medium for more than 30 min. High-energy ball-milling of
nmilled stoichiometric homogeneous powder mixture (1:1 mol%)
as conducted in a planetary ball mill (Model P5, M/S  Fritsch,
mbH, Germany). Milling of powder mixture was done at room
emperature in hardened chrome steel vial using hardened chrome
teel balls. The time of milling varies from 30 min  to 25 h depending
pon the rate of formation of cadmium ferrite phase.
The X-ray powder diffraction proﬁles of the unmilled mix-
ure and ball-milled samples were recorded using Ni-ﬁltered CuK
adiation from a highly stabilized and automated Philips X-ray gen-
rator (PW 1830) operated at 35 kV and 25 mA.  The generator is
oupled with a Philips X-ray powder diffractometer consisting of
 PW 3710 mpd  controller, PW 1050/37 goniometer, and a pro-
ortional counter. For this experiment, 1◦ divergence slit, 0.2 mm
eceiving slit and 1◦ scatter slit were used. The step-scan data (of
tep size 0.02◦ 2 and counting time 5 s) for the entire angular range
15–80◦ 2) of the experimental samples were recorded and stored
n a PC, coupled with the diffractometer.
For PALS measurements, about 12 Ci 22Na activity was
eposited and dried on a thin aluminium foil and was  covered with
n identical foil. This assembly was used as the positron source. The
ource correction was determined using a properly annealed defect
ree aluminium sample. The PALS system used was  a standard
ast–fast coincidence set-up with two identical 1-inch tapered off
aF2 scintillator detectors ﬁtted with XP2020Q photomultiplier
ubes. The time resolution obtained using 60Co source with 22Na
ates was 285 ps. All lifetime spectra were analysed using PATFIT
8 [17] programme.
. Method of analysis
In the present study, we have adopted the Rietveld’s powder
tructure reﬁnement analysis [9–13] of X-ray powder diffraction
ata to obtain the reﬁned structural parameters, such as atomic
oordinates, occupancies, lattice parameters, thermal parameters,
tc. and microstructural parameters, including particle size and
.m.s. lattice strain, etc. The Rietveld software MAUD 2.33 [14] is
pecially designed to reﬁne simultaneously both the structural and
icrostructural parameters through a least-squares method. The
eak shape was assumed to be a pseudo-Voigt function with asym-
etry. The background of each pattern was ﬁtted by a polynomial
unction of degree 4. In the present study, reﬁnements were con-
ucted without reﬁning the isotropic atomic thermal parameters.
Microstructure characterization of unmilled and all the ball
illed powder samples has been made by employing the Rietveld’s
hole proﬁle ﬁtting method based on structure and microstructure
eﬁnement [9–14]. The experimental proﬁles were ﬁtted with the
ost suitable pseudo-Voigt (pV) analytical function [12] because
t takes individual care for both the particle size and strain broad-
ning of the experimental proﬁles. Positron annihilation lifetime
ata were deconvoluted with three lifetime components using the
c
m
a
nixture (1:1 mol%). Io and Ic denotes the symbols of observed or experimental
ntensity and calculated intensity respectively. A constant (∼2000) is added to the
ntensity of each XRD pattern for clear presentation.
ATFIT programme. A total source correction of 10% had been
educted while analysing the spectra.
. Results and discussion
.1. X-ray diffraction analysis
The ﬁtted XRD powder patterns of unmilled CdO + -Fe2O3
1:1 mol%) homogeneous mixture and some of the selected pat-
erns of ball-milled mixture powders are presented in Fig. 1. The
ifference between the observed intensity (Io) and the calculated
ntensity (Ic) is plotted below the each XRD pattern. The powder
attern of unmilled mixture contains only the individual reﬂections
f CdO (ICDD PDF #5-0640) and -Fe2O3 (ICDD PDF #33-0664)
hases. The relative intensity (I/I0) of individual reﬂections is in
ccordance with the stoichiometric composition of the mixture. It
s evident from the ﬁgure that in the course of ball milling, the peak
roadening increases and CdO peaks are much broader in compar-
son to -Fe2O3, implying that particle size of CdO reduces faster
han -Fe2O3 phase. The formation of CdFe2O4 phase is ﬁrst noticed
learly in the XRD pattern of 5 h milled powder with the appearance
f isolated (2 2 0) (2  = 29.04◦; I/I0 = 60%) and (4 4 0) (2  = 60.17◦;
/I0 = 35%) reﬂections.
The content of CdO phase has been reduced more rapidly in
omparison to -Fe2O3 phase. All reﬂections of CdO, except the
solated (2 0 0) (2  = 38.318◦; I/I0 = 88%) reﬂection, vanishes in the
RD pattern of 5 h milling sample, because (i) small CdO parti-
les contain huge amount of lattice strain arising from high energy
illing [particle size of CdO: 3.1 nm and r.m.s. strain value: 0.0133
fter 5 h of milling] and (ii) the wt%  of CdO has been reduced sig-
iﬁcantly within this period of milling. As the milling goes on,
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i TPig. 2. Variation of phase content (wt%) of different phase with increasing milling
ime.
eak broadening as well as degree of overlapping of neighbouring
eﬂections increases gradually. After 7 h of milling, intensities of
ll CdFe2O4 reﬂections have been increased and relatively strong
2 2 0), (3 1 1), (5 1 1) and (4 4 0) reﬂections are distinctly appeared
n the XRD pattern. In the mean time, all the reﬂections of CdO have
een completely disappeared and the peak intensities of -Fe2O3
eﬂections have been reduced further. Up to 10 h of milling, inten-
ities of CdFe2O4 and -Fe2O3 reﬂections increase and decrease
espectively. After 15 h of milling, wt% of -Fe2O3 phase increases
n expense of CdFe2O4 phase and this trend continues up to 25 h of
illing. The above observations about phase transformation kinet-
cs of nonstoichiometric ball milled powder mixture clearly reveal
he following facts: (i) particle sizes of both the starting materials
each a critical size within 5 h of milling and through the solid state
iffusion of highly active particles of both the phases the particles
f CdFe2O4 phase has been formed, (ii) a signiﬁcant amount of -
e2O3 phase does not take part in ferrite formation and as a result
he prepared ferrite is a non-stoichiometric one and (iii) increase in
-Fe2O3 content in expense of ferrite phase at higher milling due
o formation of nanocrystalline -Fe2O3–CdFe2O4 solid solution.
Fig. 2 shows the variation of relative phase abundances of dif-
erent phases with increasing milling time. The content (wt%) of
dO decreases very rapidly whereas the wt% of -Fe2O3 increases
lmost with the same rate with increasing milling time. After 5 h
f milling, the wt% of -Fe2O3 phase drops suddenly, this in turn,
esults in formation of considerable amount of CdFe2O4 phase.
fter 7 h of milling when reﬂections of CdO phase completely disap-
ear from XRD pattern (Fig. 1), the wt% of CdFe2O4 phase increased
onsiderably at the expense of both the CdO and -Fe2O3 phases.
urther milling in between 10 and 15 h reveals that the wt% of -
e2O3 phase increases at the expense of the CdFe2O4 phase. This
rend of wt% variation of these two phases continues till the end of
all milling up to 25 h. The phase transformation kinetics of ferrite
hase formation clearly reveals the following facts: (i) increase in
t% of -Fe2O3 up to 3 h of milling is due to solid state diffusion
f CdO into -Fe2O3 matrix, (ii) the CdFe2O4 phase is formed from
dO--Fe2O3 solid solution, (iii) the increase in wt%  of -Fe2O3
hase at the expense of CdFe2O4 phase is due to the formation of -
e2O3–CdFe2O4 solid-solution phase and (iv) the prepared CdFe2O4
hase is a non-stoichiometric one because a considerable amount
f -Fe2O3 phase does not take part in CdFe2O4 phase formation
ven after 25 h of ball milling.
The natures of variations of particle size (D) of CdO, -Fe2O3
nd CdFe2O4 phases are shown in Fig. 3. Except CdFe2O4 phase,
w
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article sizes of other two phases are found to be isotropic. Parti-
le size of CdO phase decreases sharply from ∼224 nm to ∼7 nm
Fig. 3a) within 30 min  of ball milling and then slowly to ∼3 nm
ithin 5 h of milling. Particle size of -Fe2O3 phase reduces less
apidly (Fig. 3b) than CdO phase and within 30 min of milling it
rops from ∼61 nm to ∼11 nm and reaches lowest value of ∼6 nm
ithin 2 h of milling. It is then interesting to note the particle size of
his phase increases constantly with increasing milling time. The
nitial reduction followed by the expansion of particle size value
ith increasing milling time is due to the well-known fracture
nd re-welding mechanism of nanocrystalline particles [18,19]. It
s obvious that during size reduction, particle fracture and dur-
ng expansion (particle agglomeration) re-welding of nanoparticles
ave been manifested. In contrast to the particle size variation of
hese phases, the CdFe2O4 particles grow with a very small isotropic
ize (∼5 nm)  after 5 h of milling (Fig. 3c). Within 10 h of milling,
he particle size becomes anisotropic and the degree of anisotropy
ncreases with increasing milling time. Particle size along the two
ajor reﬂection directions [3 1 1] and [2 2 0] has been estimated
nd their variation with increasing milling time is shown in Fig. 3c.
t is evident from the ﬁgure that the particle size along [3 1 1]
emains almost constant but along [2 2 0] it decreases continuously
p to 25 h of milling indicating that (2 2 0) plane is more prone to
eformation fault than most dense (3 1 1) plane of cubic CdFe2O4
hase. It indicates that the oxygen vacancies have been created
uring ball-milling on the (2 2 0) plane and one ﬁlled up by the
ubstitution of the Cd atoms and the mismatch in atomic size of
hese atoms may  result in reduction in particle size along [2 2 0]. All
hese observations regarding the particle size variation of all three
hases suggest that CdFe2O4 phase has been formed when particle
ize of -Fe2O3 solid solution phase reduces to a minimum value of
6 nm,  because the initial particle size of Cd-ferrite is ∼5 nm and it
rows with growing oxygen vacancy with increasing milling time.
.2. Positron annihilation spectroscopy
All the lifetime spectra of the samples were deconvoluted
sing three lifetime-components 1, 2 and 3 with correspond-
ng intensities I1, I2 and I3 respectively. Since the particle sizes of
he constituents becomes less than the mean positron diffusion
ength (∼100 nm)  within a short time during milling, positrons
ass through the grains and annihilate mainly in the grain bound-
ry regions. In this case the shortest lifetime (1) represents the
eighted average of positron lifetimes at the grain boundary
efects (mono- or di-vacancies) and the lifetime corresponding to
nnihilation with free electrons residing at the grain boundaries.
he intermediate lifetime 2 corresponds to annihilations in the
riple junctions. Triple junctions are open volumes present at the
ntersection of three or more grain boundaries and their size is of
he order of 8–10 missing atoms. The fraction of positrons that gets
nnihilated inside a grain depends on the positron ‘trapping capa-
ility’ of the defects present at the grain boundaries. The more is the
ositron trapping at grain boundary defects, the less is the proba-
ility of annihilation with free electrons inside a grain. Therefore
1 and 2 in the present case may be expressed as follows.
1 =
∑
i
(
nii
∣∣
GB
+ nii
∣∣
B
)
(1)
nd,
2 =
∑ (
nii
∣∣ ) (2)here i stands for species of nanocrystalline grains, viz., CdO, -
e2O3 or CdFe2O4, GB stands for grain-boundary, B stands for bulk,
.e. the defect free sites inside a grain, n stands for the fraction of
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5 10 15 20 25
2
3
4
5
6
0 5 10 15 20 25
4
6
8
10
60.0
60.5
61.0
61.5
0 1 2 3 4 5
2
4
6
220
222
224
(c) CdFe2O4
 [22 0]
 [311]P
a
rt
ic
le
 s
iz
e
 (
n
m
)
illing
(b) α-Fe2O3
P
a
rt
ic
le
 s
iz
e
 (
n
m
)
Milling time  (h )
(a) CdO
P
a
rt
ic
le
 s
iz
e
 (
n
m
)
Milling time (h)
e2O3
p
t
o
s
n
a

w
F
o
t
X
t
r
l
F
m
sM
Fig. 3. Variation of particle size of CdO, -F
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ype of grain i, and TP stands for triple junction.
The longest lifetime 3 is attributed to the pick-off annihilation
f ortho-positroniums formed in the air trapped at the junction of
ample-source sandwich.
Fig. 4 shows the variation of mean lifetime of cadmium ferrite
ano-composite as a function of ball-mill duration. m is related to
verage defect density and is deﬁned asm = I11 + I22 + I33
I1 + I2 + I3
(3)
For a given type (size) of defect, higher the defect density larger
ill be the value of m. The mean lifetime was seen to increase up
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and CdFe2O4 with increasing milling time.
o a ball-milling duration of 5 h. This is in good agreement with the
RD results where it was  shown that the respective grain size of
he both CdO and -Fe2O3 nanocrystals decreases. This might have
esulted in an increase in the surface to volume ratio, which in turn
ed to an increased trapping of positrons at the grain boundaries.
or rest of the ball milling process the mean lifetime maintains a
ore or less same value indicating that the defect density remains
ame thereafter.
To obtain an insight into the positron capture mechanism at
arious trapping centers, the variation of the individual lifetime
arameters with ball-milling duration is to be seen. Fig. 5 shows
he variation of lifetime parameters, viz., 1, 2 and I2. The short-
st lifetime component 1 is seen to increase up to 5 h of milling
uration.
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Table 1
Microstructure parameters of ball-milled CdO-Fe2O3 (1:1 mol%) powder revealed from Rietveld’s X-ray powder structure reﬁnement method.
Milling time(h) CdFe2O4
Lattice parameter (nm) Particle size (nm) r.m.s. strain < ε2 > 1/2 X 103 wt%
[2 2 0] [3 1 1] [2 2 0] [3 1 1]
5 0.8663 5.1 5.1 6.68 6.68 45.8
7  0.8657 5.5 5.5 7.848 7.848 58.5
10  0.8652 4.3 5.4 7.448 8.968 59.4
15  0.8646 3.3 
20  0.8641 2.5 
25  0.8639 2.2
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and  K.D. Becker, Mater. Sci. Forum, 235–238, 139–144 (1997).
[4] V. Sepelak, A. Yu, Rogachev, U. Steinike, D.Chr. Uccker, S. Wibmann and K.D.all-mill duration.
This increase is due to creation of defects associated with the
eduction in grain size of both CdO and -Fe2O3 phases. 2 shows
n increasing trend up to 5 h milling duration whereas I2 remains
ore or less constant (within the error limits) in that period. This
ndicates an enhancement of size of triple junctions at the bound-
ry of three or more grains though their volume fraction remains
ame. During 5–10 h of ball milling duration both 1 and 2 are
een to decrease. XRD results (Fig. 1) reveal that during this period
f milling, there are no more existence CdO reﬂections in the XRD
attern and the CdFe2O4 phase has been formed. As a consequence,
ontribution of CdO to positron annihilation at grain surfaces, triple
unctions or in the grain itself, has been reduced to a large extent
nd leading to a decrease in the value of 1 and 2. It may  also
e noted that XRD results have indicated (Fig. 3) an upward trend
or the size of -Fe2O3 particles after 5 h ball milling, whereas
ize of CdFe2O4 particles shows an anisotropic behavior. After 5 h
illing, size of CdFe2O4 particles decreases along 〈2 2 0〉 direction
ut almost remains same along 〈3 1 1〉 direction. This complicated
ehavior of particle size change with milling hour affects the size
f the triple junctions associated with this component, which may
lso cause reduction of 2 after 5 h milling. The increase of I2 after
 h ball milling is attributed to formation of CdFe2O4 phase and
reation of associated triple junctions. After 10 h of ball milling, the
ncrease in 1 is assigned to lattice defects in the CdFe2O4 phase
hich is supported by the observed increasing trend of r.m.s. strain
n the 〈3 1 1〉 direction (Table 1) as revealed from the XRD analy-
is. The slight increase of 2 and the decrease of I2 after 10 h of
illing are attributed to the formation of larger vacant spaces at the
riple junctions at the cost of smaller spaces because of continuous
eduction of particle size of the CdFe2O4 phase.5.6 8.336 12.07 55.1
5.8 8.951 18.213 41.3
5.7 7.986 23.397 36.0
The ﬂuctuations in the values of 3 and I3 (Fig. 6) are not con-
ected to the structural changes and hence are not discussed.
. Conclusions
Microstructure characterization and phase transformation
inetic studies of high-energy ball milled stoichiometric (1:1 mol%)
dO + -Fe2O3 powder mixture have been investigated by Rietveld
nalysis of X-ray powder diffraction data. The experimental results
eveal that the ball milled prepared Cd-ferrite phase is a non-
toichiometric one.
The microstructure characterization of ball milled samples in
erms of lattice imperfections leads to the following important
onclusions:
(i) the nanocrystalline Cd-ferrite phase is formed after 5 h of
milling from the nanocrystalline CdO − -Fe2O3 solid-solution.
ii) the increase in -Fe2O3 phase at higher milling time in expense
of Cd-ferrite phase is due to the formation -Fe2O3–CdFe2O4
solid solution.
ii) a stoichiometric Cd-ferrite phase cannot be prepared by just
ball milling the stoichiometric powder mixture even for a
longer duration (25 h).
iv) the anisotropy in particle size and lattice strain of ball milled
Cd-ferrite phase arises due to continuous creation of oxygen
vacancies and occupation of these vacant sites by smaller Cd
atoms on (2 2 0) plane during milling.
v) variation of positron annihilation mean lifetime with milling
time indicates increase of defect density in the composite up to
5 h milling; beyond that the defect density remains more or less
same. The variation of individual lifetime parameters indicates
disappearance of CdO phase from the composite and formation
of CdFe2O4 phase after 5 h milling. It also shows enhancement
of -Fe2O3 particle size after 5 h milling and formation of lattice
defect in CdFe2O4 after 10 h milling.
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